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Foreword 


Work  reported  herein  has  been  performed  for  the  Composite  Flywheel  Rotor  and  Containment  Tech¬ 
nology  Development  Task  of  the  DOE-sponsored  Mechanical  Energy  Storage  Technology  (MEST)  project. 
This  effort  is  directed  at  LLNL  by  Satish  V.  Kulkarni. 

The  report  consists  of  two  parts: 

1.  Nondestructive  Inspection  and  Evaluation  of  Composite-Material  Flywheels— Volume  1,  D.  M.  Boyd, 
B.  W.  Maxfield,  S.  V.  Kulkarni,  and  A.  J.  Schwarber. 

2.  Nondestructive  Inspection  and  Evaluation  of  Composite-Material  Flywheels  Volume  2,  K.  L. 
Reifsnider,  D.  M.  Boyd,  and  S.  V.  Kulkarni. 

Volume  1  describes  the  nondestructive  investigation  (NDl)  of  various  prototype  composite  flywheels 
before  the  proof-of-concept  burst  tests  were  conducted.  Volume  2  presents  a  discussion  of  various  NDI 
techniques  and  their  applicability  to  composite  materials  and  flywheels.  Results  of  nondestructive  evalua¬ 
tion  (NDE)  to  assess  damage  accumulation  in  composite- material  flywheels  which  were  subjected  to 
loading  cycle(s)  at  rotational  speeds  below  the  expected  burst  speeds  are  also  given  in  Volume  2. 

The  authors  would  like  to  acknowledge  the  contributions  of  Ellen  Placas  and  Gene  Ford  of  the 
Nondestructive  Evaluation  section  of  LLNL  for  conducting  the  radiographic  tests. 
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Nondestructive  Inspection  and  Evaluation 
of  Composite-Material  Flywheels  —  Volume  2 


Abstract 

It  has  been  demonstrated  that  flywheels  made  from  composite  materials  are  capable 
of  storing  energy  with  a  significantly  higher  energy  density  than  those  made  from  con- 
v^r^tional  metals.  Since  composite  materials  are  also  very  durable  and  inherently  safer  for 
such  applications,  it  would  appear  that  they  will  play  a  major  role  in  flywheel 
energy-storage  systems.  This  report  addresses  the  question  of  how  flywheels  made  from 
composite  materials  can  be  inspected  with  nondestructive  test  methods  to  establish  their 
initial  quality  and  their  subsequent  integrity  during  service.  A  variety  of  methods  is  dis¬ 
cussed  in  the  context  of  special  requirements  for  the  examination  of  composite  flywheel 
structures  and  the  results  of  several  example  nondestructive  evaluations  before  and  after 
spin  testing  are  presented.  Recommendations  for  general  nondestructive  testing  and  eval¬ 
uation  of  composite-material  flywheels  are  made(  tVoi  , 


Introduction 


Recently  under  the  leadership  of  LLNL,  a 
group  of  industries.  Universities,  and  other  Lab¬ 
oratories  have  demonstrated  that  flywheels  made 
from  composite  materials  are  capable  of  storing 
energy  with  a  significantly  higher  energy  density 
than  those  made  from  conventional  metals.  Com¬ 
posite  flywheels  are  also  inherently  safer  than 
metal  wheels  for  applications  in  vehicles  and 
other  devices  since  the  failure  of  such  wheels  does 
not  generally  produce  large  pieces  of  massive  ma¬ 
terial  that  become  dangerous  projectiles.  Failure 
of  the  composite  wheels  usually  produces  highly 
fragmented  particles  that  can  be  easily  contained. 

The  success  of  composite  materials  for  fly¬ 
wheel  applications  has  brought  with  it  several 
challenges.  One  such  challenge  is  the  need  to  es¬ 
tablish  manufacturing  quality  and  durability  by 
nondestructive  evaluation.  Several  factors  make 
this  a  formidable  challenge.  The  flywheel  itself  is 
a  high-speed  rotating  structure  that  can  fail  in  var¬ 
ious  ways,  caused  by  various  events.  The  failure 
modes  and  initiation  events  are  difficult  to  antici¬ 
pate  and  may  be  related  to  dynamic  (especially 
stability)  considerations.  Also,  the  composite  ma¬ 
terials  themselves  require  special  attention.  Dam¬ 
age  in  composite  materials  is  generally  very  com¬ 
plex  and  an  understanding  of  precisely  how 
damage  is  related  to  the  strength,  stiffness,  and 
useful  life  of  these  materials  has  not  been  well 
developed.  In  the  remainder  of  this  section  we 


will  discuss  information  and  concepts  that  relate 
to  the  behavior  of  composite  materials  used  in  fly¬ 
wheels.  Various  nondestructive  inspection  (NDI) 
techniques,  their  applicability  to  composite  ma¬ 
terials,  and  nondestructive  evaluation  (NDE)  of 
flywheels  will  be  discussed  subsequently. 

The  materials  usually  used  in  composite  fly¬ 
wheels  are  filamentary,  generally  referred  to  as 
advanced  composites.  They  consist  of  fibers  made 
from  graphite,  glass,  or  organic  material  (aramids) 
embedded  in  a  matrix  material  such  as  epoxy. 
Ribbons  of  amorphous  metal  have  also  been  used 
for  the  rim  of  flywheels.  Most  of  our  discussion 
will  deal  with  fibrous  composite  materials. 

Several  properties  and  characteristics  of  com¬ 
posite  materials  require  special  attention  if  we  are 
to  properly  apply  NDE  techniques  to  them  and  to 
properly  interpret  the  results  of  such  applications. 
If  the  fibers  in  the  composite  are  aligned  either  in 
individual  plies  of  a  laminate  or  in  the  entire  cross 
section  of  the  material  or  component,  the  compos¬ 
ite  will  be  anisotropic.  Hence,  the  results  of  any 
test  that  depends  on  direction  will  generally  be 
different  when  the  test  is  applied  in  different  di¬ 
rections  relative  to  the  fiber  orientations.  For  uni¬ 
directional  fibrous  composites,  four  (independent 
tensor)  quantities  are  needed  to  specify  the 
in-plane  stiffness  of  a  planar  array  of  such  a  mate¬ 
rial.  For  example,  if  one  wishes  to  apply  an  NDE 
technique  that  involves  wave  propagation,  the 
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wave  speeds  will  depend  on  these  four  stiffness 
components  and  will  be  highly  directionally  de¬ 
pendent.^  The  direction  of  wave  travel,  direction 
of  energy  travel,  wave  modes,  and  mode  conver¬ 
sions  are  all  highly  sensitive  to  this  anisotropy. 
These  sensitivities  must  be  accounted  for  in  the 
interpretation  of  results  as  well  as  during  the  de¬ 
sign  of  NDE  tests  based  on  wave  propagation. 
Such  tests  include  ultrasonic  attenuation,  acoustic 
emission,  and  ultrasonic  C-scan  methods.  The  an¬ 
isotropy  also  affects  stress  distributions.  Conse¬ 
quently,  optical  methods  that  depend  on  strain 
distributions  must  be  interpreted  in  light  of  the 
anisotropic  properties.  Conductivity  is  also 
anisotropic  for  such  materials.  Hence,  thermal  or 
electrical  NDE  devices  will  operate  with  direc¬ 
tional  dependence. 

Strength  will  also  be  anisotropic  since  the 
stress  at  failure  in  the  fiber  direction  will  not  be 
the  same  as  the  strength  measured  perpendicular 
to  that  direction.  Because  of  this,  damage  can  de¬ 
velop  differently  in  different  directions,  requiring 
additional  NDE  information  for  its  determination. 
Such  anisotropy  is  not  necessarily  an  obstacle  to 
successful  NDE.  It  is  rather  an  opportunity  for 
exploitation.  For  example,  changes  in  each  of  the 
four  elastic  moduli  can  be  related  independently 
to  different  types  of  damage,  thus  providing  a 
nondestructive  method  of  identifying  specific 
types  or  combinations  of  defects  that  are  peculiar 
to  specific  combinations  of  material  and  load  his¬ 
tory.  Similar  principles  can  be  applied  to  other 
NDE  schemes. 

A  second  major  characteristic  of  composite 
materials  that  affects  NDE  efforts  is 
inhomogeneity,  i.e.,  the  presence  of  distinct  mate¬ 
rial  phases.  From  the  standpoint  of  nondestructive 
evaluation,  this  characteristic  is  rarely  an  opportu¬ 
nity  for  exploitation.  It  is  more  often  an  obstacle. 
The  most  obvious  example  of  this  is  found  in  ul¬ 
trasonic  wave  propagation  (attenuation,  pulse 
echo,  and  acoustic  emission).  Such  waves  are  so 
effectively  dispersed  by  the  internal  inhomo¬ 
geneous  microstructure  of  composite  materials 
that  it  is  difficult  in  some  cases  to  get  the  waves  to 
travel  through  the  material  or  component  that  is 
under  test.  Such  a  problem  may  preclude  these 
techniques  from  use.  More  often  such  difficulties 
can  be  overcome  with  an  adjustment  of  technique. 
For  the  case  of  acoustic  emission,  however,  the 
interpretation  of  emission  data,  difficult  under  any 
circumstance,  is  made  more  difficult  by  the 
multimode  transmissions,  reflections,  and  reso¬ 
nances  in  a  composite  material. 


Another  basic  consequence  of  the 
inhomogeneity  of  composite  materials  is  the 
widely  dispersed  and  very  complex  nature  of  the 
damage  that  occurs  during  load  application.  The 
damage  may  consist  of:  matrix  cracking,  delami¬ 
nation,  debonding,  and  fiber  breakage  that  occurs 
in  a  variety  of  combinations  and  in  a  large  num¬ 
ber  of  locations.  Consequently,  NDE  methods  that 
concentrate  on,  or  are  directed  towards  the  detec¬ 
tion  and  characterization  of  a  single  crack  (or 
flaw),  are  not  likely  to  be  very  useful  for  compos¬ 
ite  materials.  In  fact,  NDE  techniques  that  are  able 
to  detect  arrays  of  defects,  and  especially  those 
providing  information  about  the  collective  effect 
of  the  defects  that  occur,  are  essential  if  NDE  of 
composite  materials  is  to  provide  a  means  for  as¬ 
sessing  the  integrity  of  these  materials  in  a  way 
that  can  be  related  to  strength,  stiffness,  and  use¬ 
ful  life.  Inhomogeneity  also  means  that  there  are 
many  boundaries  that  are  potential  trouble  spots 
so  that  techniques  sensitive  to  internal  surfaces 
are  necessary.  This  is  especially  true  since  many 
advanced  composite  materials  are  also  laminated 
together  to  make  thicker  sections.  These  lamina¬ 
tion  boundaries  are  also  potential  locations  for  de¬ 
fects.  Another  important  consequence  of  this  type 
of  inhomogeneity  is  a  proclivity  for  manufactur¬ 
ing  defects.  In  a  sense,  there  are  so  many  opportu¬ 
nities  for  things  to  go  wrong  during  the  manufac¬ 
turing  of  composite  materials  that  such  defects  are 
quite  common.  While  such  things  as  incompletely 
consolidated  material  may  be  relatively  easy  to 
detect,  such  things  as  poorly  bonded  interfaces  are 
frequently  extremely  difficult  to  detect.  Hence,  the 
quality-control  problem  may  be  more  severe  for 
composite  materials,  in  comparison  to  common 
metals. 

A  third  and  last  characteristic  that  is  suffi¬ 
ciently  important  to  be  noted  is  behavioral.  We 
have  mentioned  that  defects  or  damage  in  fibrous 
composite  materials  may  consist  of  matrix  crack¬ 
ing,  delamination,  fiber  fracture,  and  debonding. 
However,  we  must  be  careful  not  to  be  simplistic 
about  our  interpretation  of  what  damage  is.  For 
example,  let  us  consider  the  strength  under  uniax¬ 
ial  loading  of  a  coupon  of  laminated  composite 
material  that  has  a  through  hole  in  the  center  of 
the  width,  with  a  diameter-to- width  ratio  of  0.25. 
Let  us  assume  that  the  strength  measured  under 
quasistatic  loading  is  70%  of  the  net  section 
strength.  Then  let  us  further  assume  that  a  cyclic 
(fatigue)  load  with  an  amplitude  equal  to  60%  of 
that  break  strength  is  applied  for  105  cycles.  Some 
damage  will  develop  around  the  center  hole,  i.e.. 
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depending  on  the  laminate  type,  matrix  cracking, 
delamination,  and  some  fiber  fracture  will  gener¬ 
ally  occur  in  regions  of  high  stress.  Now  suppose 
we  load  the  fatigue-damaged  specimen  to  failure 
in  a  quasistatic  test.  We  will  find  that  the  strength 
has  been  increased  by  the  fatigue  damage  around 
the  hole.  In  fact,  we  may  find  that  the  stress  con¬ 
centration  around  the  hole  has  been  reduced  to 
nearly  zero  in  the  sense  that  the  specimen  has  es¬ 
sentially  the  net  section  strength  of  the  two  liga¬ 
ments  on  either  side  of  the  hole,  a  common  result 
for  fiber-dominated  laminates.  In  a  sense,  the 
damage  in  this  case  has  relieved  the  stress  con¬ 
centration  near  the  hole,  which  is  a  beneficial  ef¬ 
fect.  Hence,  NDE  schemes  that  simply  identify  the 


presence  of  damage  cannot  be  used  directly  to  imply 
the  strength,  stiffness,  or  useful  life  of  a  composite 
component.  The  NDE  schemes  we  must  develop 
and  use  must  be  closely  and  directly  related  to  the 
physics  and  mechanics,  which  control  the  re¬ 
sponse  of  the  composite  materials  being  exam¬ 
ined.  We  must  in  any  case  avoid  simplistic  inter¬ 
pretations  of  NDE  information. 

Having  discussed  how  the  properties  and 
characteristics  of  composite  materials  affect  the 
manner  in  which  NDE  is  employed  to  test  com¬ 
posite  flywheels,  we  now  focus  our  attention  on 
the  capabilities  and  limitations  of  various  NDE 
methods. 


Nondestructive-Inspection  Methods 
for  Fibrous  Composite  Materials 


An  excellent  review  of  this  topic  has  recently 
been  made  by  Henneke  and  Duke.^  The  detailed 
findings  of  their  report  will  not  be  reproduced 
here.  Instead,  a  brief  interpretation  of  the  report 
and  other  available  information,  in  terms  of  our 
present  purpose,  will  be  given  for  several  major 
NDE  techniques  in  preparation  for  the  next  sec¬ 
tion,  which  will  concentrate  on  flywheels  rather 
than  on  NDE  techniques. 

Ultrasonic  Techniques 

Perhaps  the  most  widely  used  NDE  tech¬ 
nique  for  the  materials  that  are  of  present  interest 
is  ultrasonic  sound  transmission  and  reflection.  In 
general,  ultrasonic  methods  can  be  used  to  detect 
voids,  delaminations,  and  matrix  cracking  (to  vari¬ 
ous  degrees),  but  it  is  not  always  possible  to  dis¬ 
tinguish  between  such  damage  modes  with  ultra¬ 
sonic  information  alone.^ 

Sound  waves  propagate  with  speeds  that  are 
proportional  to  the  square  root  of  various  com¬ 
binations  of  the  (tensor)  elastic  constants  for  the 
propagating  material.  Hence  it  is  possible  to  deter¬ 
mine  the  elastic  stiffnesses  by  measuring  the 
propagation  speeds  of  various  waves  in  a  compos¬ 
ite  material.^  It  has  also  been  shown  that  certain 
types  of  damage,  such  as  matrix  cracking,  pro¬ 
duces  changes  in  the  elastic  constants  that  are 
measured  by  wave-propagation  technic^ues.^ 
However,  a  quantitative  association  has  not  been 
made  and  correlations  with  other  types  of  damage 


have  not  been  established.  Sound-wave  speed 
measurement  is  a  feasible  technique  for  composite 
materials  and  does  have  the  advantage  of  being 
inherently  sensitive  to  all  aspects  of  the  anisot¬ 
ropy  that  may  be  present  in  a  given  material  and 
to  the  effects  of  that  anisotropy  on  damage 
development. 

Another  ultrasonic  scheme  is  commonly 
called  the  pulse-echo  arrangement.  In  this  scheme 
an  ultrasonic  beam  is  sent  out  in  bursts  from  a 
transducer  to  produce  a  train  of  pulses  that  are 
separated  by  adjustable  periods  of  time.  The 
pulses  travel  through  the  test  medium  until  a  re¬ 
flection  or  echo  is  produced  by  a  discontinuity. 
Such  a  scheme  is  inherently  suited  for  the  detec¬ 
tion  of  a  discrete  flaw  or  flawed  region.  When  a 
great  many  reflections  are  produced  by  a  distribu¬ 
tion  of  flaws,  interpretation  is  not  possible.  Thus 
for  composite  materials,  defects  such  as  delamina¬ 
tions  are  most  easily  detected  with  this  scheme. 

There  are  many  variations  to  the  basic 
pulse-echo  ultrasonic  concept.  The  most  popular 
is  the  so-called  C-scan  arrangement.  This  method 
usually  incorporates  scanning  capabilities  that 
produce  a  plain  view  of  the  pattern  of  echos  that 
return  from  (or  traverse)  a  specimen.  The  choice 
of  what  set  of  echos  to  use  to  produce  such  a  pat¬ 
tern,  and  the  levels  at  which  gates  are  set  to  dis¬ 
criminate  echo  intensities  to  detect  the  presence  of 
flaws  as  they  influence  the  amplitudes  of  the  cho¬ 
sen  echos,  forms  the  basis  for  this  scheme.  For 
example,  one  may  choose  to  consider  the  reflected 
wave  from  the  back  surface  of  a  plate  or  disk 
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specimen  and  set  the  gate  so  that  a  defect  is  indi¬ 
cated  when  10%  of  the  amplitude  of  that  reflec¬ 
tion  is  lost.  Such  a  scheme  can  detect  widely 
distributed  and  complex  damage,  since  the  dis¬ 
persion  that  is  caused  by  any  damage  can  also  be 
detected  by  a  reduction  in  the  amplitude  of  a 
given  echo,  as  described  above,  C-scan  techniques 
seem  to  have  their  greatest  sensitivity  to  delami¬ 
nations  or  other  internal  surfaces.^'^'^  They  are  less 
sensitive  to  widely  distributed  microcracking,  es¬ 
pecially  if  the  cracks  lie  in  the  plane  that  contains 
the  vector  direction  of  propagation  of  the  wave 
being  used. 

If  the  presence  of  damage  is  established  by  a 
C  scan,  it  may  be  possible  to  locate  the  position  of 
the  defect  or  defects  in  the  thickness  direction  by 
use  of  a  so-called  B  scan.  This  scan  is  a  simple 
pulse-echo  scheme  whereby  the  time  of  travel  for 
the  echo  from  a  flawed  region  is  used  to  deter¬ 
mine  the  position  of  the  defect.  This  assumes, 
however,  that  some  reflection  from  the  defect  can 
be  obtained,  which  is  not  always  possible.  De¬ 
laminations  usually  do  produce  such  an  echo  but 
widely  dispersed  voids  may  not. 

The  amplitude  of  transmitted  or  reflected  ul¬ 
trasound  can  be  used  directly  as  the  basis  of  an 
NDE  scheme  by  measuring  attenuation,  the  factor 
that  characterizes  the  incremental  loss  in  ampli¬ 
tude,  as  an  ultrasonic  wave  pulse  traverses  a 
flawed  material  region.  While  C-scan  methods, 
which  may  depend  on  only  a  few  gate  settings, 
have  some  difficulty  discriminating  different 
types  or  different  severities  of  damage,  ultrasonic 
attenuation  measurements  have  an  advantage  of 
producing  a  quantitative  parameter  value  that 
may  contain  this  type  of  information.  Because  of 
this,  ultrasonic  attenuation  has  excellent  sensitiv¬ 
ity  to  matrix  cracks,  voids,  and  other  types  of 
widely  dispersed  damage.^"^^  However,  the  sensi¬ 
tivity  to  matrix  cracking  has  been  more  com¬ 
pletely  verified  than  the  sensitivity  to  voids. 
Attenuation  of  ultrasound  can  occur  by  dispersion 
from  microcracks,  voids,  and  internal  material 
discontinuities,  but  it  can  also  occur  by  diffraction 
and  by  microelastic  (energy)  dissipation.  Hence, 
not  only  voids,  but  such  things  as  resin-rich  re¬ 
gions  can  be  located.  However,  dispersion,  dif¬ 
fraction,  and  (microelastic)  dissipation  phenom¬ 
ena  are  wavelength  and  frequency  dependent  so 
that  the  choice  of  ultrasonic  frequencies  for  testing 
becomes  an  important  consideration  for  this 
method. 

Although  there  is  no  axiomatic  philosophy 
that  can  be  used  to  directly  interpret  ultrasonic 
attenuation  measurements  in  terms  of  materials 


response,  some  very  useful  correlations  have  been 
made  by  a  number  of  investigators.  There  is  con¬ 
siderable  evidence  that  ultrasonic  attenuation  can 
be  related  to  the  residual  strength  of  fibrous  com¬ 
posites,  especially  those  with  resin  matrix  materi- 
als.^'^^"^^  Although  the  best  correlations  are  with 
matrix-dominated  strength  properties  such  as 
short-beam  shear  strength,  other  strength  proper¬ 
ties  have  shown  similar  correlations.  A  related 
correlation  appears  to  exist  between  moisture- 
induced  degradation  and  ultrasonic  attenuation. 
Not  only  have  correlations  between  attenuation 
and  moisture-degraded  residual  strength  been 
identified,^^  but  a  correlation  between  attenuation 
and  moisture  absorption  itself  has  been  estab¬ 
lished  in  some  cases. Most  of  this  work  has 
been  done  on  graphite/epoxy  and  glass/epoxy. 
Ultrasonic  attenuation  is  especially  useful  for  the 
detection  of  damage  thresholds,  damage  initia¬ 
tion,  and  relatively  low  levels  of  fairly  uniformly 
distributed  damage.  These  situations  tend  to  be 
the  most  difficult  to  deal  with  when  using  either 
of  the  NDE  techniques.  For  highly  localized  and 
severe  damage,  multiple  reflections  will  not  be 
possible  since  the  ultrasonic  pulse  will  be  so  se¬ 
verely  disrupted  that  nothing  remains  to  carry  the 
information  back  to  the  detector. 

There  are  a  large  number  of  variations  of  ul¬ 
trasonic  techniques.  Specific  use  can  be  made,  for 
example,  of  various  aspects  of  the  dispersion  or 
interferences  created  by  a  given  material  under  a 
given  excitation.  In  some  cases,  for  example,  it  ap¬ 
pears  that  one  can  use  the  diffraction  of  ultra¬ 
sound  from  regularly  spaced  cracks  to  establish 
internal  matrix  crack  densities  in  laminated  com¬ 
posite  panels.^"^^  Angular  incidence  can  be  used 
to  establish  fiber  orientations  in  laminated  and 
chopped-fiber  composite  plates.^®  Various  choices 
of  frequencies,  detectors,  and  data  processing  can 
be  combined  for  tasks  that  range  from  determin¬ 
ing  the  material  integrity  following  manufacture 
to  detecting  fatigue  damage  as  early  as  1%  of  the 
total  fatigue  life.^^  The  success  of  a  given  tech¬ 
nique  depends  for  the  most  part  on  the  availabil¬ 
ity  of  a  significant  quantitative  data  base  that  re¬ 
lates  the  NDE  indications  to  the  response  in 
question. 

The  equipment  required  to  conduct  ultrasonic 
NDE  is  relatively  modest,  depending  on  the  size 
of  the  parts  or  components  to  be  examined,  the 
sophistication  of  the  technique  needed  to  make 
the  determinations  required,  and  the  degree  of 
automation  of  the  data  gathering  and  data  pro¬ 
cessing  needed.  It  is  also  possible  to  build  up  an 
ultrasonic  system  incrementally  since  the  various 
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components  of  the  system  are  usually  modular, 
allowing  one  to  add  capability  and  sophistication 
as  needed.  Although  there  are  no  figures  to  sup¬ 
port  such  an  observation,  it  is  likely  that  ultra¬ 
sonic  methods  are  the  most  widely  used  of  all 
NDE  schemes  for  composite  materials. 

Acoustic  Emission 

Another  general  NDE  method  that  has  re¬ 
ceived  a  lot  of  attention,  especially  for  composite 
materials,  is  the  use  of  acoustic  emission.  A  recent 
review  article  by  Williams  and  Lee^^  provides  an 
extensive  source  of  information  about  the  use  of 
acoustic  emission  (AE)  to  monitor  the  response  of 
composite  materials.  Since  damage  in  such  ma¬ 
terials  is  very  complex,  it  is  no  surprise  that  dam¬ 
age  development  is  very  noisy.  However,  it 
should  be  emphasized  that  AE  must  be  recorded 
during  loading  (service  loading,  proof  testing,  etc.) 
so  that  the  energy  released  by  the  damage  events  is 
being  detected,  not  the  damage  itself.  Hence,  the 
type  of  information  obtained  is  basically  different 
from  that  obtained  from  ultrasonic,  radiographic, 
or  other  NDE  methods.  It  is  conceivable  that  pre¬ 
existing  damage  could  be  made  to  emit  sounds 
caused  by  such  events  as  internal  surface  rubbing, 
load  redistributions,  or  other  phenomena,  but 
generally  materials  obey  the  so-called  Kaiser  ef¬ 
fect  whereby  no  emission  occurs  upon  reloading  a 
specimen  or  component  until  the  maximum  load 
level  from  a  previous  loading  is  exceeded.  There  is 
still  discussion  of  this  generalization  in  the  litera¬ 
ture.  Some  investigators  claim  the  Kaiser  effect 
holds  for  their  experiments,^^”^^  while  others 
claim  that  it  is  violated  for  their  case.^^ 

Acoustic  emission  appears  to  be  a  fairly  reli¬ 
able  indicator  of  internal  damage  development 
and  numerous  investigators  have  reported  that  it 
is  possible  to  discriminate  between  the  emissions 
caused  by  different  kinds  of  damage  events  under 
carefully  controlled  situations.  Some  claim  that  fi¬ 
ber  fracture,  matrix  fracture,  and  debonding,  for 
example,  have  different  characteristic  AE  signa¬ 
tures.^^  Others  claim  that  massive  delaminations 
can  be  identified  by  very  large  amplitude  emis¬ 
sions.^^  In  graphite/epoxy  it  appears  that,  in  gen¬ 
eral,  the  plastic  flow  of  the  matrix  gives  rise  to 
high-frequency  emissions,  while  fiber  failures  and 
debonding  are  sources  of  low-frequency  emis¬ 
sions.  Spectral-energy  distributions  are  widely 
used  as  a  means  of  discriminating  between  differ¬ 
ent  modes  of  damage  and  different  material  ef¬ 
fects  on  AE.^^~^^  However,  it  should  be  noted  that 


these  methods  of  discrimination  are  generally  em¬ 
pirical  and  are  not  always  quantitative  in  the  strict 
sense. 

The  correlation  of  AE  with  mechanical  prop¬ 
erties  of  various  types  has  been  widely  reported. 
A  number  of  investigators  have  been  able  to  iden¬ 
tify  various  aspects  of  AE  that  correlate  with  the 
ultimate  tensile  strength  of  composite  materi- 
als.^^"^^  Correlations  between  stiffness  change  and 
AE  have  also  been  reported.^®'^^  The  relationship 
of  AE  to  useful  life  is  less  often  reported.  Chang 
et  al.  found  that  AE  count  rate  was  a  good  indi¬ 
cator  of  damage  growth  rate,^^  but  correlations 
with  useful  life  are  difficult  to  find. 

It  is  possible  to  extract  spatial  information 
from  AE  data  by  using  various  versions  of  trian¬ 
gulation  based  on  the  time  of  travel  to  several  dif¬ 
ferent  transducers.  For  large  structures  such  a 
scheme  is  especially  useful  for  locating  trouble 
spots  that  may  require  more  careful  scrutiny.  In 
fact,  more  than  any  other  common  NDE  tech¬ 
nique,  AE  is  widely  used  to  monitor  large  struc¬ 
tures  from  bridges  to  pressure  vessels.  For  exam¬ 
ple,  filament-wound  Kevlar/epoxy  pressure 
vessels  with  metallic  liners  have  been  examined 
by  Hamstad  et  al.^^'"^^  They  found  it  was  not  pos¬ 
sible  to  predict  the  burst  pressure  of  the  pressure 
vessels  from  the  AE  patterns  obtained  during 
proof  testing.  However,  they  also  found  that  man¬ 
ufacturing  errors  such  as  high  humidity  during 
winding,  low  or  high  matrix  content,  cure- 
temperature  discrepancies,  incorrect  ratios  of  ma¬ 
trix  content,  fiber  damage,  and  incorrect  winding 
tension  did  produce  significant  and  identifiable 
changes  in  the  proof-testing  AE  signatures.  It 
would  appear  from  these  studies  and  a  number  of 
other  investigations  that  AE  used  with  a  proof¬ 
testing  scheme  is  a  viable  quality-control  method 
in  some  cases. 

In  general,  as  noted  in  Ref.  2,  AE  techniques 
as  they  exist  at  present  suffer  from  a  lack  of  quan¬ 
titative  understanding,  intrepretation,  reproduc¬ 
ibility,  and  use.  Such  factors  as  the  transducer- 
specimen  couplant,  transducer  variability,  method 
of  transducer  attachment,  type  of  transducer,  type 
of  signal  (data)  acquisition,  type  of  data  analysis, 
positioning  of  transducers,  geometry  of  the  speci¬ 
men,  calibration  of  equipment,  and  other  items 
may  significantly  affect  the  AE  results.  In  general, 
reliable  and  reproducible  results  can  only  be  ob¬ 
tained  when  these  factors  are  carefully  controlled. 
There  is  much  more  art  than  science  in  the  AE 
literature,  but  the  technique  is  so  widely  used  that 
the  experience  of  others  can  often  be  used  to 
guide  the  direction  of  a  new  application. 
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Monitoring  Stiffness  Change 

Another  general  NDE  method  of  fairly  recent 
extraction  is  the  use  of  stiffness  change  to  monitor 
damage  in  composite  materials.  A  recent  review 
article  discusses  this  method.'*^  There  are  two  ba¬ 
sic  approaches  associated  with  this  method.  For 
widely  distributed  damage  such  as  matrix  crack¬ 
ing,  fiber-matrix  debonding,  and  other  dispersed 
damage  types,  the  stiffness  approach  consists  of 
measuring  one  or  more  of  the  independent  tensor 
stiffness  components  of  the  composite  specimen 
(assuming  it  is  anisotropic)  and  relating  the 
changes  in  these  stiffness  components  to  the  in¬ 
ternal  damage  using  relationships  that  appear  in 
the  literature.'*^"'*^  Matrix  cracking,  for  example, 
would  be  expected  to  cause  changes  in  the 
matrix-dominated  stiffness  components,  such  as 
the  engineering  Young's  modulus  in  the  direction 
perpendicular  to  the  fibers  in  a  given  ply,  or  the 
in-plane  shear  stiffness,  while  the  fiber-direction 
stiffness  should  be  affected  to  a  much  lesser  de¬ 
gree.  Such  changes  and  many  others  have  been 
observed.  Delamination  of  a  laminate  is  most 
quickly  detected  by  a  change  in  laminate 
Poisson's  ratio  and  fiber  fractures  will  cause 
changes  in  the  fiber-direction  stiffness.  Use  of 
stiffness  changes  to  monitor  damage  has  several 
advantages  over  other  common  NDE  methods. 
Since  there  are  generally  several  independent 
stiffness  components  available  for  characteriza¬ 
tion,  it  is  frequently  possible  to  discriminate  be¬ 
tween  different  types  of  (internal)  damage  by 
identifying  different  combinations  of  stiffness 
component  changes.  Also,  since  stiffness  is  a 
global  quantity,  the  critical  (and  most  difficult) 
step  in  the  interpretation  of  NDE  data  is  automati¬ 
cally  performed  by  the  measurement  itself,  i.e., 
the  step  from  detecting  some  microdamage  event 
to  determining  how  that  event  affects 
macrobehavior.  The  variations  in  stiffness  have  a 
direct  macroscopic  interpretation  since  stiffness  is 
used  directly  to  determine  stress  distributions  un¬ 
der  a  given  set  of  applied  loads.  A  third  advantage 
is  that  stiffness  is  an  established  characteristic, 
routinely  measured  with  considerable  precision 
and  (generally)  excellent  reproducibility.  It  is  a 
universal  quantity  that  has  an  unambiguous  inter¬ 
pretation.  However,  stiffness-measurement  tech¬ 
niques  have  their  disadvantages  too.  It  is  not  al¬ 
ways  easy  to  measure  the  stiffness  changes  caused 
by  microdamage  in  composite  materials.  The 
changes  may  be  only  on  the  order  of  5%  in  some 
cases  and  certain  of  the  tensor  components  are 


difficult  to  measure  at  all.  However,  the  use  of 
stiffness  change  as  an  NDE  method  is  growing 
rapidly. 

The  second  basic  stiffness  approach  differs 
from  the  first  primarily  from  the  standpoint  of  in¬ 
terpretation  and  the  type  of  damage  involved.  If 
the  damage  to  be  detected  is  highly  localized, 
such  as  the  growth  of  delamination  in  a  laminate, 
compliance  measurements  (which  are  widely  used 
in  fracture  mechanics)  are  appropriate.  In  fact,  ele¬ 
ments  of  fracture  mechanics  in  general  apply  in 
some  cases  where  the  damage  propagates  in  a 
self-similar  way  through  fairly  uniform  material. 
Compliance  used  in  this  way  to  characterize  effec¬ 
tive  flaw  sizes  for  localized  damage  and  to  relate 
to  strain-energy  release  rates,  is  extensively  dis¬ 
cussed  in  the  literature  Further  discussion  will 
not  be  given  here.  However,  it  should  be  men¬ 
tioned  that  several  attempts  to  apply  these  con¬ 
cepts  to  composite-material  delamination  growth 
have  been  quite  successful.'*^'®” 

Relationships  between  stiffness  or  stiffness 
changes  and  the  residual  strength  and  useful  life 
of  composite  materials  have  been  reported  by  sev¬ 
eral  investigators.  Both  notched  and  unnotched 
specimens  have  shown  a  correlation  between 
elastic  stiffness  changes  and  residual  strength.®^'** 
However,  the  most  extensive  correlations  have 
been  conducted  during  fatigue  loading.  This  is 
partly  because  the  (load-direction)  stiffness  of 
many  fibrous  composite  laminates  degrades  no¬ 
ticeably  early  in  their  fatigue  life.®*  ®^  In  addition 
to  the  interpretation  schemes  mentioned  above, 
relationships  between  stiffness  change  and  useful 
life  have  been  developed.®^  One  of  the  most  pop¬ 
ular  such  relationships  is  the  so-called  secant 
modulus  criterion.  This  criterion  states  that  fatigue 
failure  will  not  occur  until  the  secant  modulus  of  a 
specimen  under  fatigue  loading  has  been  reduced 
to  the  level  (or  below)  corresponding  to  the  mini¬ 
mum  secant  modulus  in  a  quasistatic  tension  test. 
This  criterion  has  been  found  to  apply  reasonably 
well  to  a  number  of  glass/epoxy  and  boron/epoxy 
laminates.**'®®  Relationships  between  fatigue  dam¬ 
age  growth  in  off-axis  plies  and  changes  in  the 
in-plane  shear  stiffness  have  also  been  estab¬ 
lished.*’ 

Like  all  NDE  methods,  especially  when  used 
for  composite  materials,  stiffness  change  is  still  in 
a  stage  of  development.  However,  our  ability  to 
interpret  the  data  and  the  familiar  relatively  well 
established  methods  of  measurement  make  this 
technique  an  important  addition  to  the  field  of 
NDE  capabilities. 
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Another  closely  related  NDE  scheme  in¬ 
volves  the  use  of  mechanical  damping  measure¬ 
ments  to  determine  the  material  damping.  The 
measurement  represents  the  proportion  of  input 
energy  that  is  dissipated  by  various  internal  de¬ 
fects  during  cyclic  excitation.  Methods  of  measur¬ 
ing  such  damping  are  well  established  but  not 
well  standardized.^^"^^  Vibrating-beam  and  com¬ 
plex  (or  dynamic)  modulus  measurement  tech¬ 
niques  are  the  most  commonly  used.  Both  of  these 
schemes  are  very  sensitive  to  damage  in  compos¬ 
ite  materials  and  have  produced  data  that  have 
been  shown  to  be  well  correlated  with  damage 
development  in  those  cases  examined.^^"^^  The 
problems  associated  with  this  type  of  NDE  ap¬ 
proach  result  from  a  lack  of  standardization  and 
the  difficulties  encountered  in  the  determination 
of  material  damping.  Vibrating-beam  methods 
measure  system  damping  so  that  careful  interpre¬ 
tation  of  the  data  and  careful  control  of  the  test 
are  required.  Also,  dynamic  modulus  determina¬ 
tion  is  dependent  on  the  equipment  used,  espe¬ 
cially  in  the  sense  that  the  rate  of  loading  may  be 
important  to  the  constitutive  behavior  of  the  ma¬ 
terial  being  tested.  Other  testing  parameters  may 
interact  with  the  materials  response  in  complex 
ways.  Perhaps  the  most  uncertain  aspect  of  damp¬ 
ing  as  an  NDE  method  is  the  interpretation  of  the 
results.  There  are  a  large  number  of  mechanisms, 
especially  for  composite  materials,  that  can  dissi¬ 
pate  energy.  Damping  can  be  caused  by  viscoelas¬ 
tic  response,  plastic  deformation,  a  myriad  of  non¬ 
conservative  atomic  and  molecular  motions, 
incompatible  constituent  phase  motions,  and 
surface-surface  interactions."^^  It  is  not  clear  at 
present  how  these  different  dissipative  mecha¬ 
nisms  can  be  identified  from  damping  measure¬ 
ments  of  the  common  type  described  above.  The 
relationship  of  these  mechanisms  to  the  strength, 
stiffness,  and  useful  life  of  composite  materials 
has  not  been  established.  Nevertheless,  damping 
is  a  very  sensitive  detector  of  the  presence  of  dam¬ 
age  and  therefore  can  be  used  for  empirical  cor¬ 
relations  or  to  indicate  when  other  techniques 
(which  can  identify  more  specific  damage  charac¬ 
teristics)  should  be  employed. 

V  ibrothermography 

Before  leaving  the  concept  of  damping  and 
energy  dissipation,  an  NDE  technique  based  on 
that  concept  should  be  noted.  Over  the  past  5 
years  an  NDE  method  called  vibrothermography 
has  been  developed.^^  It  employs  mechanical  ex¬ 


citation  of  various  types,  carefully  chosen  to  excite 
various  dynamic  responses  from  specific  types  of 
internal  defects,  which  then  lead  to  hysteretic  en¬ 
ergy  dissipation.  This  dissipation  produces  ther¬ 
mal  patterns  on  the  surface  of  the  specimen  that 
can  be  observed  with  a  video-thermographic  de¬ 
vice.  A  simple  example  of  this  technique  might  be 
the  observation  of  a  specimen  during  fatigue  test¬ 
ing.  As  local  damage  develops,  the  dissipative 
heat  pattern  will  develop  irregularities  that  indi¬ 
cate  local  defect  development.  If  the  specimen  is 
constructed  from  a  composite  material,  the  com¬ 
plex  development  of  damage  will  cause  a  more 
general  nonuniformity  in  the  heat  pattern  that 
represents  the  collective  effect  of  the  damage.  It 
has  been  shown  that  in  many  cases  these  heat 
patterns  are  directly  related  to  stress  distribu¬ 
tions.^^  Hence,  vibrothermography  offers  a  time- 
resolved  optical-field  technique  that  is  directly 
sensitive  to  the  distribution  and  severity  of  dam¬ 
age  in  composite  materials.  Since  the  scheme  is  a 
noncontact  method,  it  is  especially  useful  for 
monitoring  components  during  service  loading. 
The  technique  is  especially  sensitive  to  internal 
defects  having  surfaces  that  may  be  close  to  one 
another  or  in  contact  under  relatively  low  contact 
stresses.  By  choosing  a  proper  input  excitation  fre¬ 
quency,  such  defects  can  usually  be  made  to  dissi¬ 
pate  energy  very  effectively,  making  them  quite 
easy  to  identify. 

X-ray  Radiography 

One  of  the  classical  NDE  techniques  widely 
used  for  composite  materials  is  x-ray  radiography. 
This  technique  depends  on  the  (electron)  density 
of  the  material  through  which  the  x-ray  beam 
passes  for  selective  absorption  and  defines  the  in¬ 
ternal  details  of  interest.  However,  composite  ma¬ 
terials  such  as  graph! te/epoxy,  glass/epoxy,  and 
Kevlar/epoxy  do  not  have  high  electron  density 
atoms  so  they  are  generally  very  transparent  to 
X  rays.  Hence,  small  variations  in  internal  density 
due  to  defects  are  difficult  to  resolve.  Defects  such 
as  fiber-matrix  debonding,  low-density  inclusions, 
tightly  closed  cracks,  or  delaminations  with  their 
plane  perpendicular  to  the  direction  of  incidence 
of  the  x-ray  beam  are  especially  difficult  to  iden¬ 
tify.  Large  porosity,  dense  inclusions,  fiber  spac¬ 
ing  and  alignment,  fiber  fractures,  and  cracks  (or 
delaminations)  that  have  a  defect  plane  parallel  to 
the  direction  of  the  input  beam  are  more  easily 
detected.  Low-energy  x  rays  with  relatively  low 
excitation  voltages  (generally  less  than  20  kV)  are 
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best  suited  for  composite-material  examination  if 
the  matrix  is  polymeric.  A  majority  of  the  radio- 
graphic  work  in  the  literature  was  done  with  the 
aid  of  an  opaque  penetrant,  such  as  tetrabromo- 
ethane  (TBE)  or  diiodobutane  (DIB),  which  is  ap¬ 
plied  to  the  surface  of  the  specimens  and  flows 
into  defects  having  a  surface  opening.  The  opaque 
material  is  a  very  effective  method  for  making  de¬ 
fects  that  contain  it  more  visible  when  subsequent 
radiographs  are  made.  Such  a  scheme,  for  exam¬ 
ple,  can  be  used  to  provide  excellent  definition  of 
matrix  cracks  and  (otherwise  unresolved)  delami¬ 
nations  near  edges,  especially  in  the  neighbor¬ 
hood  of  stress  concentrations.*'^^'*’^  Some  in¬ 
vestigators  have  found  that  TBE-enhanced 
radiography  is  able  to  resolve  subcracks  much 
better  near  a  notch  or  large  crack  than  ultrasonic 
C-scan  methods.^®  However,  the  penetrant 
method  has  its  disadvantages.  TBE  and  DIB  are 
toxic  and  difficult  to  handle.  TBE  has  the  added 
problem  of  being  an  effective  solvent  for  poly¬ 
meric  matrix  materials,  i.e.,  it  can  cause  damage 
by  chemical  attack.  Also,  if  defects  do  not  reach 
the  surface,  a  penetrant  cannot  reach  them.  (Other 
opaque  penetrants  such  as  gold  chloride  and  zinc 
iodide  are  not  health  threatening  and,  depending 
on  the  carrier  solution  selected,  are  not  as  likely  to 
cause  chemical  degradation  of  the  epoxy  mate¬ 
rial.)  Impact  damage,  for  example,  may  not 
be  easily  found  or  resolved  using  the  opaque 
penetrant-assisted  x-ray  radiography.  In  many 
cases  careful  choice  of  radiographic  techniques 
will  produce  excellent  information  without  pene¬ 
trants,  as  will  be  demonstrated  in  a  later  section. 
In  general,  radiography  is  a  very  successful  NDE 
method  for  composite  materials  if  properly  ap¬ 
plied.  Of  course,  if  x-ray  equipment  must  be  pur¬ 
chased,  the  cost  of  such  apparatus  is  a  clear  disad¬ 
vantage,  commonly  running  from  a  range  of  a 
hundred  to  several  hundred  thousand  dollars. 
(This  is  also  a  disadvantage  for  the  thermographic 
equipment  mentioned  earlier.) 

Optical  Techniques 

Optical  NDE  techniques  are  another  class  of 
test  methods  that  can  be  used  for  composite  ma¬ 
terials.  One  of  the  most  popular  methods  is  the 
use  of  holographic  interferometry.  This  method 
requires  stressing  the  component  by  thermal  or 
mechanical  loading.  Holography  can  be  used  to 
measure  surface  displacements  to  determine 
strains  or  to  identify  defects  by  nonuniformities  in 
deformation  fields.^^'^'  The  sensitivity  of  a  given 


holographic  arrangement  is  dependent  not  only 
on  the  type  of  holographic  equipment  employed, 
but  also  on  the  specific  type  of  loading  applied  to 
the  component  being  tested.  Under  suitable  load¬ 
ing  conditions,  it  is  possible  to  identify  broken  fi¬ 
bers,  delaminations,  and  fiber  overlaps  in  glass/ 
epoxy.^^  The  equipment  required  for  holography 
is  fairly  sophisticated  and  its  application  generally 
requires  a  highly  trained  and  experienced  individ¬ 
ual.  However,  the  sensitivity  of  holography  to 
perturbations  in  surface  deformation  patterns  is 
unsurpassed  by  any  other  NDE  technique. 

Other  optical  methods  may  also  be  useful,  es¬ 
pecially  for  recovering  field  strain  data.  Surface 
moire  methods  are  returning  to  use  for  composite 
materials  largely  due  to  a  series  of  new 
application-oriented  developments  in  recent 
years.^^  Moire  gratings  with  20,000  lines/in.  can  be 
affixed  to  the  surface  of  a  composite  material  to 
obtain  excellent  sensitivities  not  possible  even  a 
few  years  ago.  Diffraction  gratings  with  60,000 
lines/in.  are  now  available  and  can  be  bonded  to 
the  surface  of  specimens  or  components  to  be 
studied. 

For  composite  materials  having  photoelastic 
matrix  materials,  photoelasticity  can  be  used  as  a 
method  for  determining  stresses,  not  only  in  the 
stressed  composite,  but  also  to  determine  residual 
stresses  in  the  constituent  materials  for  the  un¬ 
loaded  case.^'*"'^  Of  course,  photoelastic  materials 
can  be  bonded  to  the  surface  of  a  composite  com¬ 
ponent  to  resolve  the  surface  deformations  as  one 
would  for  any  other  material. 

Aside  from  a  fairly  high  degree  of  sophistica¬ 
tion  involved  in  most  optical  NDE  schemes,  as 
mentioned  earlier  the  application  of  these  meth¬ 
ods  is  also  complicated  by  the  fact  that  deforma¬ 
tion  patterns  on  the  surface  of  composite  materials 
are  sometimes  microscopically  nonuniform.  The 
nonuniformity  is  a  result  of  the  normal  inhomo¬ 
geneity  of  the  material  and  the  abnormalities  in 
the  inhomogeneity  inadvertently  created  by  the 
manufacturing  processes.  These  nonuniformities 
make  the  recording  and  interpretation  of  data  dif¬ 
ficult,  especially  when  global  behavior  is  to  be  as¬ 
sociated  with  the  microdeformation  patterns. 
Generally  speaking,  the  optical  techniques  are 
preferred  for  locating  irregularities  in  deformation 
patterns  and  for  the  determination  of  surface 
strains  over  relatively  limited  areas  (on  the  order 
of  100  X  100  mm). 

This  brief  review  of  NDE  techniques  is  not 
intended  to  be  a  complete  description  or  discus¬ 
sion  of  all  of  the  methods  that  one  can  use  to  eval¬ 
uate  the  integrity  of  composite  materials.  While 
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the  methods  discussed  above  are  the  major  ones, 
many  variations  of  these  methods  already  exist 
and  the  development  of  other  variations  (and 
techniques)  is  limited  only  by  the  diversity  of  the 
technical  community  and  fiscal  constraints.  How¬ 
ever,  new  techniques  are  not  always  immediately 
applicable  since  it  is  usually  necessary  for  oper¬ 
ators  and  other  technical  personnel  to  acquire  ex¬ 
perience  and  data  over  a  period  of  time,  to  enable 
the  technique  to  be  applied  consistently  and  effec¬ 
tively  and  to  make  accurate  and  useful  interpreta¬ 
tions  of  the  test  data  possible.  This  is  especially 
true  for  composite  materials  because  of  the  com¬ 
plexity  of  these  materials  and  their  response. 

It  is  also  important  to  recognize  that  NDE 
techniques  are  best  used  in  combination  with  each 
other.  For  example,  while  delaminations  may  be 
detected  and  characterized  with  C-scan  equip¬ 
ment,  x-ray  devices  probably  will  not  resolve 
them  very  well,  if  at  all.  On  the  other  hand,  matrix 
cracks  (or  any  cracks)  that  are  oriented  so  they  fall 
in  a  plane  containing  the  incident  beam  direction 


will  generally  not  be  resolved  by  a  C-scan  unit, 
while  such  an  orientation  is  the  optimum  one  for 
x-ray  radiographic  detection.  For  this  and  other 
reasons,  C-scan  and  x-ray  radiographic  methods 
are  best  used  together  for  the  examination  of  com¬ 
posite  materials.  Since  the  strength,  stiffness,  and 
useful  life  of  composite  materials  are  controlled 
and  influenced  by  a  large  number  of  microevents 
and  microdetails,  the  determination  of  the  integ¬ 
rity  of  these  materials  in  a  way  that  is  directly 
associated  with  their  behavior  requires  several 
different  types  of  investigative  methods  and  asso¬ 
ciated  philosophies.  It  also  requires  that  sound 
and  quantitative  relationships  be  established  be¬ 
tween  the  NDE  activities  and  the  mechanics  and 
physics  of  the  materials  response,  including  the 
chemistry  and  thermodynamics  of  the  manufac¬ 
turing  process.  This  is  an  almost  impossible  set  of 
requirements,  but  the  long-term  success  of  the 
NDE  of  composite  materials  can  be  assured  with 
no  less. 


Nondestructive  Evaluation  of  Flywheels 


Purpose  and  Function 

It  has  been  recently  demonstrated  that 
composite-material  flywheels  are  capable  of  stor¬ 
ing  energy  at  a  significantly  greater  energy  den¬ 
sity  than  flywheels  made  from  metals. 
Composite-material  flywheels  that  can  store  up  to 
36  Wh/lb  have  been  successfully  tested.  In  addi¬ 
tion,  composite  flywheels  are  inherently  safer  for 
applications  in  vehicles  and  other  devices,  since 
the  failure  of  such  wheels  does  not  produce  large 
pieces  of  heavy  material  that  become  dangerous 
projectiles,  but  will  generally  produce  a  very  large 
number  of  scattered  particles  in  the  form  of  dust 
and  string  or  straw-like  matter. 

Composite  flywheels  are  also  thought  to  be 
durable  since  composite  materials  generally  per¬ 
form  very  well  under  long-term  and  fatigue  load- 
ing,  frequently  better  than  metals.  However,  the 
relatively  limited  experience  that  has  been  gained 
in  using  composite  materials  in  high-performance 
structures  for  long  periods  of  time  requires  that 
special  care  be  taken  to  verify  the  durability  of 
any  such  design  by  experimental  programs. 

For  our  purposes,  durability  will  be  defined 
by  the  resistance  to  degradation  of  material  prop¬ 
erties  and  structural  integrity,  including  damage 


induced  by  cyclic  loading  and  creep  strain  in¬ 
duced  by  time-at-load  response.  A  more  durable 
rotor  is  one  that  is  degraded  less  by  a  given  load 
spectrum,  but  one  must  be  careful  to  define  deg¬ 
radation  in  terms  of  engineering  function.  It  is 
possible  that  one  may  observe  damage  or  deg¬ 
radation  that  is  of  no  consequence  to  the  ser¬ 
viceability  of  the  flywheel. 

There  is  no  general  and  complete  analytical 
philosophy  that  can  be  applied  to  the  description 
and  prediction  of  the  durability  of  composite  ma¬ 
terials.  Hence  it  is  necessary  to  use  nondestructive 
evaluation  (NDE)  to  establish  mechanistic  rela¬ 
tionships  between  microfailure  events  such  as 
matrix  cracking,  delamination  and  fiber  fracture 
and  macroresponse  such  as  strength,  stiffness,  and 
useful  life.  From  a  practical  standpoint  we  must  be 
able  to  use  NDE  to  answer  three  basic  questions: 

1.  Has  a  given  flywheel  been  manufactured 
and  assembled  properly,  i.e.,  free  of  initial  defects 
(of  any  consequence)? 

2.  Will  a  given  type  of  flywheel  meet  all 
performance  criteria  during  service  based  on  the 
results  of  a  (properly  designed)  test  program? 

3.  What  is  the  level  of  integrity  and  proba¬ 
ble  residual  properties  of  a  flywheel  that  is  in¬ 
spected  by  NDE  following  some  service  loading? 
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These  three  questions  will  be  dealt  with  in 
more  detail  for  some  specific  types  of  flywheels  in 
the  next  section.  In  general  since  there  is  not  a 
great  deal  of  systematic  philosophy  to  use,  signifi¬ 
cant  data  bases  must  be  developed  to  support  a 
successful  effort  to  answer  these  three  questions. 
A  discussion  of  the  NDE  aspects  of  developing 
such  a  data  base  follows.  It  should  be  noted  that 
the  answer  to  question  2  requires  a  properly  de¬ 
signed  cyclic  testing  program  that  can  be  used  to 
simulate  all  of  the  essential  elements  of  the  antici¬ 
pated  service  environment  so  that  durability  can 
be  established  under  realistic  conditions.  The 
proper  design  of  such  a  test  program  is  a  separate 
(but  critical)  topic  not  addressed  in  this  document. 
The  interpretation  of  the  results  of  such  a  test  pro¬ 
gram  must  involve  NDE  considerations. 

For  example,  when  possible,  failure  mecha¬ 
nisms  need  to  be  defined  in  terms  of  measurable 
parameters  such  as  the  size  of  a  delamination. 
Also,  with  this  information  in  mind,  designers  can 
take  into  account  the  NDE  detectability  of  these 
parameters  to  fabricate  parts  with  maximum  NDE 
inspectability.  Qualitative  NDE  analysis  can  also 
provide  information  to  the  designer  on  process 
control  and  fabrication  reproducibility^^  and  to  the 
mechanics  analyist  on  the  criticality  of  flaws. 

The  application  of  the  various  NDE  methods 
requires  a  thorough  understanding  of  the  vari¬ 
ables  associated  with  each  of  the  methods.  As 
noted  earlier,  it  is  beyond  the  scope  of  this  report 
to  discuss  all  of  the  NDE  techniques  in  detail  and 
the  variables  affecting  each  method.  Instead,  as 
examples,  radiographic  and  ultrasonic  variables 
will  be  briefly  reviewed.  Data  illustrating  some  of 
these  variables  will  be  presented. 

Radiographic  Nondestructive 
Evaluation 

Radiography  is  the  nondestructive  technique 
of  inspecting  a  part  using  penetrating  x  and 
gamma  radiation  that  is  absorbed  or  scattered  by 
the  material  under  inspection.  The  radiation  that 
penetrates  the  part  is  recorded  either  on  film  or  by 
an  image-sensing  device.  The  recorded  image  is 
then  evaluated.  Factors  that  affect  the  recorded 
image  when  film  is  used  include  energy  of  the 
source,  film  type,  source-to-film  distance,  density 
of  the  material  under  inspection,  geometry  of  the 
part,  collimation,  radiation  scattering,  and  expo¬ 
sure  time.  Many  of  these  variables  have  been  in¬ 
corporated  into  technique  charts  to  aid  the 


practitioner  in  choosing  the  proper  operating 
conditions. 

Several  flywheels  were  radiographically  in¬ 
spected.  The  objective  of  the  radiographic  evalua¬ 
tion  was  to  aid  in  the  understanding  of  the  fab¬ 
rication  procedures  and  to  characterize  the 
material.  During  radiography  it  was  found  that 
many  trial  exposures  were  required  to  obtain  the 
best  image  quality. 

Hercules  Flywheel 

The  first  example  involves  a  Fiercules  rotor 
[Fig.  1(a)],  which  has  been  manufactured  by 
filament-winding  graphite/polysulfone  on  a  man¬ 
drel  to  form  a  contoured  rim  that  is  then  shrink 
fitted  onto  a  metallic  hub.  Figure  1(b)  shows  an 
x-ray  radiograph  of  a  section  of  such  a  rim  follow¬ 
ing  its  manufacture.  (All  x-ray  radiographs  will  be 
presented  in  reverse  field  in  this  report  to  take 
advantage  of  the  additional  detail  that  can  be  ob¬ 
tained  from  contact  printing.)  The  arrows  in  Fig. 
1(b)  show  regions  of  discontinuity  in  density,  su¬ 
perimposed  on  the  gradual  variation  in  tone  due 
to  the  tapered  thickness  of  the  wheel. 

Figure  1(c)  shows  a  video  display  of  the  Her¬ 
cules  rotor  during  spin  testing  (at  Oak  Ridge  Fly¬ 
wheel  Evaluation  Laboratory,  Oak  Ridge,  TN)  at 
21,000  rpm.  In  addition  to  the  radial  marks,  which 
are  painted  reference  positions,  circumferential 
lines  can  also  be  seen.  Three  such  lines  are  clearly 
visible.  These  lines  were  determined  to  be  circum¬ 
ferential  cracks  that  formed  in  the  flywheel  during 
the  spin  test.  The  cracks  appear  to  coincide  with 
the  regions  of  discontinuous  density  identified  in 
Fig.  1(b)  from  the  radiograph.  For  example,  the 
arrow  in  Fig.  1(c)  indicates  a  crack  that  corre¬ 
sponds  to  the  discontinuity  indicated  by  the 
centermost  arrow  in  Fig.  1(b).  It  is  possible  that 
the  discontinuities  shown  in  Fig.  1(b)  correspond 
to  resin-rich  regions  that  were  formed  during  ir¬ 
regularities  in  the  filament-winding  process.  In 
any  case,  it  zvould  appear  that  these  discontinuities, 
as  revealed  by  x-ray  radiography,  did  influence  the 
engineering  performance  of  the  flywheel. 

Brobeck  Flywheel 

Radiographs  in  Figs.  2(b)  and  2(c)  show  the 
S2-glass  rings  of  two  different  Brobeck  flywheels 
[Fig.  2(a)].  The  Brobeck  flywheel  consists  of  a 
Kevlar-49/epoxy  ring  that  is  wound  over  a 
S2-glass/epoxy  ring.  The  hub  is  separated  from 
these  rings  by  catenary-shaped  Kevlar-29/epoxy 
tension-balanced  spokes.  A  high-density  step  is 


10 


Figure  1.  (a)  Graphite/polysulfone  filament- 
wound  contoured  rim  (Hercules  design),  (b) 
Radiograph  of  Hercules  flywheel  showing 
three  low-density  rings,  (c)  Photograph  from 
video  recording  of  Hercules  rotor  during  spin 
testing  showing  circumferential  cracking  in 
rim. 


visible  in  Fig.  2(b).  The  likely  cause  of  this  varia¬ 
tion  is  either  an  abrupt  change  in  the 
filament- winding  parameters  or  a  temporary  stop¬ 
page  of  the  winding  process. 

Rocketdyne  Flywheel 

Obtaining  an  x-ray  radiograph,  such  as  the 
one  shown  in  Fig.  1(b),  requires  some  trial  and 
error  even  for  experienced  operators.  When  a 


structure  such  as  a  flywheel  (which  may  involve 
various  materials,  thickness  variations,  and  geom¬ 
etries)  is  radiographed,  multiple  trial  exposures 
and  exposure  angles  must  be  attempted.  This  is 
especially  true  if  no  specific  type  of  flaw  or  defect 
is  being  sought,  but  a  general  survey  is  to  be  done. 
If  a  crack  or  defect  of  a  specific  type  and  orienta¬ 
tion  is  to  be  detected,  the  plane  of  the  defect 
should  be  parallel  to  the  incident  x-ray  beam.  In 
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Figure  2.  (a)  Kevlar-49  S2-glass/epoxy  rim 

with  tension-balanced  Kevlar-29  spokes 
(Brobeck  design),  (b)  Radiograph  of  Brobeck 
flywheel  showing  high-density  step  (arrow)  in 
S2-glass  ring,  (c)  Radiograph  of  second  Brobeck 
flywheel  that  did  not  show  high-density  step 
as  in  (b).  Variation  between  flywheels  is  likely 
to  be  result  of  manufacturing-process  control. 


Fig.  1(b)  the  x-ray  beam  was  parallel  to  the  rota¬ 
tion  axis  of  the  flywheel.  The  discontinuities  were 
also  in  the  same  plane.  The  circumferential  cracks 
that  formed  during  the  spin  test  were  also  in  that 
plane  and  extended  through  the  thickness  of  the 
flywheel.  Cracks  or  other  defects  in  the  plane  of 
the  flywheel  would  not  be  resolved  by  such  an 
arrangement  unless  there  were  regions  of  signifi¬ 
cant  depth  in  the  direction  of  the  incident  x-ray 
beam. 

Figure  3  shows  the  effect  of  alignment  on 
x-ray  radiographs  for  the  Rocketdyne  flywheel 
[Fig.  3(a)].  The  flywheel  consists  of  seventeen 
5.1 -mm- thick  circumferentially  wound 
graphite/epoxy  layers  on  a  twin-disk  aluminum 
hub.  Each  layer  was  allowed  to  gel  prior  to  wind¬ 
ing  the  next  layer.  There  is  also  a  radial 
graphite/epoxy  overwrap  over  the  graphite/ epoxy 
rim.  Figures  3(b)  and  3(c)  show  radiographs  that 
were  made  under  identical  conditions,  except  that 
the  position  of  the  x-ray  source  was  moved 
slightly.  In  Fig.  3(b)  the  x-ray  source  was  posi¬ 
tioned  directly  above  the  edge  of  the  rim  so  that 


discontinuities,  which  lie  in  the  plane  perpendicu¬ 
lar  to  the  radii  of  the  wheel,  would  be  perfectly  (or 
nearly  perfectly)  aligned  with  the  incident  x-ray 
beam.  In  Fig.  3(c)  the  x-ray  source  was  moved  to 
the  wheel  axis  position,  a  distance  of  about  30  cm. 
The  loss  of  alignment  due  to  that  small  change, 
for  the  source-to-specimen  distance  of  3.7  m,  was 
sufficient  to  cause  the  image  of  the  discontinuities 
to  vanish. 

Garrett  AiResearch  Flywheel 

Figure  4(b)  is  an  example  of  data  obtained  by 
proper  alignment,  energy,  and  source-to-film  dis¬ 
tance  from  the  radiography  of  the  Garrett 
AiReseach  flywheel  [Fig.  4(a)].  The  rim  of  the  Gar¬ 
rett  flywheel  is  made  up  of  15  composite  rings 
each  separated  by  Teflon  tape.  The  inner  2  rings 
are  S2-glass,  the  middle  5  rings  are  Kevlar-29,  and 
the  outer  8  rings  are.Kevlar-49.  After  winding  and 
curing  of  the  outer  rim,  it  is  then  deformed  with  a 
four-point  press.  The  graphite/epoxy  hub  is  then 
slipped  into  the  rim.  After  releasing  the  press,  the 
initially  circular  rim  becomes  subcircular.  [Note 


Figures,  (a)  Graphite/epoxy  rim /overwrap 
with  twin-disk  hub  flywheel  (Rocketdyne  de¬ 
sign).  (b)  Radiograph  of  Rocketdyne  rotor  with 
x-ray  source  aligned  with  inside  edge  of  rim. 
(c)  Radiograph  of  Rocketdyne  rotor  with  x-ray 
source  aligned  along  its  axis. 


Alignment 

spot 

(center  of 
flywheel) 


(C; 


that  the  flywheel  in  Fig.  4(a)  consists  of  two  such 
rims.]  Several  density  variations  are  detected  such 
as  the  differences  between  the  Kevlar-49,  the 
Kevlar-29,  and  S-2  glass  rings.  A  separation  be¬ 
tween  rings  is  also  noted  by  using  high-energy 
(4  MeV)  radiography.  A  tangential  radiograph  can 
be  made  to  determine  the  depth  of  this  separation. 
Figures  4(c)  and  4(d)  are  the  tangential  radio¬ 
graphs  taken  with  a  collimated  beam.  Figure  4(c) 
is  the  tangent  at  the  spoke  where  no  separation 
was  detected.  Figure  4(d)  is  the  tangent  at  the  po¬ 
sition  indicated  by  the  arrow  in  Fig.  4(d).  The  ar¬ 
row  in  Fig.  4(d)  shows  the  low-density  indication 
of  the  possible  separation  in  the  lower  rim  of  the 
flywheel. 


Molded  Sheet-Molding-Compound 
Disk/Filament-Wound  Rim  Flywheel 

Another  type  of  manufacturing  detail  is 
shown  by  the  radiograph  in  Fig.  5(b).  That  radio¬ 
graph  was  made  from  a  constant-thickness  disk 
rotor  [Fig.  5(a)],  about  25  cm  in  radius  and  fabri¬ 
cated  from  R65  sheet-molding  compound  (SMC) 
consisting  of  65  wt%  chopped  S-2  glass  in  a  poly¬ 
ester  matrix.  The  disk  was  formed  by  stacking  the 
material  in  a  matched  metal-die  mold  and  curing 
it  under  high  pressure  and  temperature.  Figure 
5(b)  clearly  shows  that  the  material  density  near 
the  edge  of  the  disk  is  different  from  the  remain¬ 
der  of  the  disk.  This  can  be  attributed  to  the  flow 
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Figure  4.  (a)  Kevlar-49,  Kevlar-29,  and  S2-glass/epoxy  ring  rim  with  graphite /epoxy  cruciform  hub 

flywheel  (Garrett  AiResearch  design),  (b)  Radiograph  of  Garrett  AiResearch  flywheel  showing  den¬ 
sity  variations  between  Kevlar-49,  Kevlar-29,  and  S2-glass.  Arrow  indicates  site  of  separation  be¬ 
tween  rings,  (c)  Tangential  radiograph  at  site  1  of  (b)  indicates  no  separation,  (d)  Tangential  radio¬ 
graph  at  site  2  of  (b)  shows  location  and  depth  of  separation. 


Bottom 

rim 


Bottom 

rim 


Figure  5.  (a)  Chopped  S2-glass/polyester 

sheet-molding  compound  (SMC)  molded  disk 
fabricated  by  Owens-Corning.  (b)  Radiograph 
of  SMC  disk  rotor  showing  material-density 
variations  near  edge  caused  by  flow  pattern  of 
chopped  fibers  during  fabrication,  (c)  Photomi¬ 
crograph  of  molded  SMC  disk  edge. 


pattern  of  the  chopped  fibers  during  the  curing 
process  in  the  closed  mold.  As  seen  in  the  photo¬ 
micrograph  of  the  SMC  disk  in  Fig.  5(c)  (obtained 
from  Owens-Corning),  the  fibers  tend  to  align  in  a 
direction  perpendicular  to  the  plane  of  the  disk 
along  the  edge.  This  accounts  for  the  density  vari¬ 
ation  in  Fig.  5(b). 

The  radiographic  technique  can  also  be  used 
to  evaluate  the  rotor/hub  elastomeric  bond  for 
disk-type  flywheels.  Alignment  of  the  bond  line 


with  the  x-ray  beam  is  critical  to  the  proper  inter¬ 
pretation  of  the  radiographic  image.  The 
LLNL/Owens-Corning/Lord  disk/ring  flywheel 
shown  in  Fig.  6(a)  was  radiographed  to  evaluate 
the  aluminum  hub-to-flywheel  bond.  Figure  6(b) 
shows  the  radiograph  of  the  bond  line.  An  appar¬ 
ent  gap  was  detected  in  the  elastomeric  bond. 
However,  further  evaluation  of  this  gap  revealed 
that  the  low-density  radiographic  image  was 
caused  by  the  outer  graphite  ring  being  imaged 
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Figure  6.  (a)  Chopped  S2-glass/polyester  SMC 

molded  disk  with  graphite /epoxy  filament- 
wound  rim  and  elastomerically  bonded  alumi¬ 
num  hub  (LLNL/Owens-Corning/Lord  Corp. 
Design),  (b)  Radiographic  evaluation  of 
rotor/ hub  elastomeric  bond.  Arrow  indicates 
apparent  flaw  in  bond,  (c)  Ultrasonic  C  scan  of 
rotor/hub  elastomeric  bond  provided  evidence 
that  bond  actually  did  not  contain  flaw. 


along  the  same  line  of  sight  as  the  bond  area.  Ul¬ 
trasonic  C  scans  of  this  bond  [Fig.  6(c)]  gave  addi¬ 
tional  evidence  that  the  gap  was  not  present. 


AVCO  Bidirectionally  Woven  Disk 

The  application  of  radiographic  NDE  to  the 
AVCO  spirally  woven  S2-glass  cloth/epoxy  lami¬ 
nate  [Fig.  7(a)]  is  illustrated  in  Fig.  7(b).  The  cloth 
is  reinforced  radially  and  circumferentially.  The 
radiograph  in  Fig.  7(b)  (obtained  from  AVCO) 
shows  not  only  the  details  of  the  weave  pattern 
but  also  the  petal-shaped  radial  flow  pattern  for 
the  epoxy  resin  during  molding  of  the  laminate. 

To  ensure  that  proper  radiographic  tech¬ 
niques  are  used,  all  the  variables  need  to  be  un¬ 
derstood.  As  more  information  on  the  properties 


and  failure  modes  of  composite  flywheels  be¬ 
comes  available,  the  usefulness  of  radiography 
will  be  properly  assessed. 


Ultrasonic  Nondestructive 
Evaluation 

The  nondestructive  evaluation  techniques 
that  use  ultrasonic  waves  have  a  different  set  of 
variables  that  need  to  be  understood  to  properly 
use  these  methods.  The  ultrasonic  frequency,  size 
of  the  transducer,  the  couplant,  properties  of  the 
material,  geometry  of  the  part,  and  fabrication 
procedures  are  a  few  of  the  more  common  vari¬ 
ables  affecting  an  ultrasonic  inspection. 
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Figure  7.  (a)  Bidirectionally  reinforced  woven 
S2-glass  cloth /epoxy  laminated  disk  (AVCO 
design),  (b)  Radiograph  of  AVCO  disk  showing 
weave  pattern  and  resin  flow  direction  during 
molding  process. 


Ultrasonic  inspection  methods  are  often  com¬ 
plementary  to  radiographic  inspection  because  ul¬ 
trasound  is  a  sensitive  indicator  of  very  thin  inter¬ 
nal  boundaries  that  have  only  minimal  influence 
on  radiographic  opacity.  This  sensitivity  may  turn 
out  to  be  a  disadvantage  in  composite-material 
components  that  consist  either  of  layers  that  are 
bonded  together  or  of  layers  that  are  cured  in 
stages  during  the  winding  or  other  fabrication 
process.  Either  procedure  results  in  internal 
boundaries  with  varying  ultrasound  transmission 
characteristics.  This  gives  rise  to  numerous  reflec¬ 
tions  that  may  have  no  relationship  to  defects,  but 
instead  are  related  to  the  specific  fabrication 
method.  Since  rim-type  flywheels  are  often  fabri¬ 
cated  in  layers  that  are  cured  in  stages,  existence 
of  such  boundaries  is  common  [see,  for  example. 
Fig.  3(b)].  In  addition,  the  circular  geometry  of  the 
rim  will  further  complicate  the  interpretations  of 
ultrasonic  wave  reflections  and  scattering.  There¬ 
fore,  for  these  flywheels  a  reliable  ultrasonic  in¬ 
spection  procedure  could  not  be  developed.  For 
some  prototype  rim-type  flywheels,  where  water 
immersion  was  not  allowed,  a  hand-scan  tech¬ 
nique  was  used.  This  technique  also  failed  to  pro¬ 
vide  useful  information. 


Laminated  Composite  Panels 

Laminated  composite  panels  that  were  later 
machined  into  the  required  flywheel  contour  were 
also  ultrasonically  inspected.  The  pulse-echo  tech¬ 
nique  was  used  for  recording  the  signal  informa¬ 
tion.  Ultrasonic  C  scans  were  made  by  measuring 
the  change  in  back-surface  reflection  and  by  gat¬ 
ing  the  signal  to  measure  the  internal  reflections. 
Typical  C  scans  of  a  1-in. -thick  graphite/epoxy 
panel  [from  which  a  tapered  thickness  contour 
was  subsequently  machined  (Fig.  8(a)]  are  shown 
in  Figs.  8(b)-8(e).  The  panel  was  26  X  26  X  1  in. 
and  inspected  using  a  2.25-MHz  transducer.  Fig¬ 
ures  8(b)  and  8(c)  show  the  loss  of  back-surface 
reflected  amplitude  for  C  scans  of  the  front  and 
back  surfaces,  respectively.  Figures  8(d)  and  8(e) 
are  the  C  scans  obtained  by  gating  the  internal  2/3 
of  the  panel  for  front-  and  back-surface  incidence, 
respectively.  In  these  C  scans  the  dark  areas  indi¬ 
cate  the  scatter  sites.  The  outer  edges  of  this  panel 
were  nominally  thinner  causing  the  recorded  sig¬ 
nal  variation  in  the  C  scans  for  the  internal  gating 
situation. 

It  should  be  pointed  out  here  that  the  large 
defect  areas  that  are  evident  in  Figs.  8(b)  and  8(c) 


Figure  8.  (a)  LLNL  tapered-thickness 

graphite /epoxy  laminated  disk,  (b)  Ultrasonic 
C  scan  of  graphite/epoxy  panel  gating  loss  of 
back-surface  reflection  from  front,  (c)  Ultra¬ 
sonic  C  scan  of  graphite/epoxy  panel  gating 
loss  of  back-surface  refection  from  back.  Note 
that  (b)  and  (c)  are  mirror  images,  (d)  Ultra¬ 
sonic  C  scan  of  graphite/ epoxy  panel  gating  in¬ 
ternal  scattering  from  front,  (e)  Ultrasonic  C 
scan  of  graphite/epoxy  panel  gating  internal 
scattering  from  back.  Note  that  (d)  and  (e)  do 
not  show  as  mirror  images. 


18 


are  not  delaminations.  Instead  they  represent  has  probably  resulted  from  moisture  entrapment 
widespread  microporosity  in  the  laminate,  which  during  the  curing  process. 


Post-Spin  Test  Nondestructive 
Evaluation  of  Flywheels 


As  part  of  the  durability  and  useful-life  as¬ 
sessment  program,  cycle  (fatigue)  testing  has  been 
initiated.  Damage  resulting  from  the  cyclic  load¬ 
ing  can  be  determined  by  post-cycle  nondestruc¬ 
tive  inspection.  Two  flywheels  that  were  evalu¬ 
ated  after  subjecting  them  to  loading  cycle(s)  will 
be  described  here. 

LLNL  Constant-Thickness 
Laminated  Disks 

In  addition  to  the  burst  tests,  the  S2-glass  and 
graphite/epoxy  constant-thickness  laminated 
disks  [Figs.  9(a)  and  10(a)]  were  tested  to  the  maxi¬ 
mum  speed  of  about  60%  of  their  expected  failure 
speed  and  examined  ultrasonically  in  an  attempt 
to  identify  the  accumulation  of  matrix  damage.^ 

For  the  S2-glass/epoxy  disk,  damage  around 
the  edge  was  evident  after  spinning  it  to  30,000 
rpm  [Figs.  9(b)  and  9(c)].  For  the  graphite/epoxy 
disk,  however,  no  significant  damage  was  de¬ 
tected  after  35,000  rpm  [Figs.  10(b)  and  10(c)]. 

There  are  a  number  of  factors  that  may  be 
active  in  the  outside  regions  of  a  laminated  disk 
that  could  degrade  the  laminate  there  as  in  Fig. 
9(c).  First,  edge  effects  near  free  edges  of  lami¬ 
nates  create  interlaminar  normal  and  shear 
stresses  that  can  lead  to  delamination.  Second,  the 
outside  regions  of  the  laminated  disks  manufac¬ 
tured  in  this  program  are  most  susceptible  to  deg¬ 
radation  of  strength  because  of  process-related  ef¬ 
fects.  Third,  the  machining  of  the  outside  disk 
boundary  could  also  introduce  damage  capable  of 
reducing  laminated  strength. 

To  gain  a  more  quantitative  measure  of  the 
material  state  in  the  disk  after  spinning,  velocities 
of  waves  propagating  through  the  S2-glass/epoxy 
disk  thickness  were  also  measured.  The  matrix 
cracking  predicted  by  the  failure  analysis  results 
in  a  reduction  in  stiffness  of  the  composite.  This 
stiffness  reduction  would  then  appear  as  a  de¬ 
creased  speed  of  sound  in  the  damaged  material 
when  compared  with  undamaged  material.  The 
acoustic  velocities  were  measured  at  a  number  of 
locations  along  the  disk  radius  to  determine  how 
they  varied  in  space.  Both  longitudinal  and 


shear-wave  speeds  were  measured.  To  obtain  an 
indication  of  what  these  wave  speeds  are  in  a  disk 
before  spinning,  similar  tests  were  also  made  on 
another  laminated  S2-glass/epoxy  disk.  This  disk 
was  made  of  the  same  material  and  was  processed 
indentically. 

There  are  several  interesting  things  to  note  in 
the  results  of  these  acoustic  velocity  studies  as 
presented  in  Fig.  11.  First,  both  the  longitudinal  as 
well  as  the  shear  velocity  are  higher  at  all  loca¬ 
tions  in  the  unspun  disk  than  they  are  in  the  disk 
spun  to  a  tip  speed  of  638  m/s.  In  addition,  al¬ 
though  the  longitudinal  wave  speeds  are  constant 
over  the  entire  radius  of  the  unspun  laminated 
disk,  there  is  a  visible  variation  in  both  the  longi¬ 
tudinal  and  the  shear-wave  speeds  with  respect  to 
radial  location  in  the  disk  after  spinning.  In  both 
cases  the  wave  speeds  are  slower  in  the  interior 
regions  of  the  disk  with  gradually  increased  val¬ 
ues  as  the  outside  radius  of  the  disk  is  ap¬ 
proached.  In  the  case  of  the  longitudinal  wave, 
the  velocity  near  the  outside  radius  approaches 
the  velocity  measured  in  the  unspun  wheel.  This 
behavior  agrees  quite  well  with  the  analytical  pre¬ 
diction  of  progressive  matrix  failure  that  moves 
outward  radially  as  the  rotational  speed  of  the 
wheel  is  increased.  The  gradual  increase  in  the 
shear-wave  speed  for  the  unspun  disk  is  not  un¬ 
derstood  presently. 

Another  interesting  phenomenon  is  visible  in 
the  shear-wave  speed  data.  The  shear  waves  in¬ 
troduced  in  this  test  propagate  through  the  disk 
thickness.  The  particle  motion  induced  by  the 
transducer  can  be  varied  by  rotating  the  trans¬ 
ducer.  As  part  of  this  investigation,  wave  speeds 
were  measured  for  particle  motion  in  both  the  ra¬ 
dial  and  the  tangential  directions.  As  expected, 
these  wave  speeds  are  the  same  in  the  unspun 
disk.  They  are  also  the  same  in  the  interior  regions 
of  the  disk  that  was  spun.  However,  in  the  outer 
20%  of  the  spun  disk,  the  wave  speed  associated 
with  radial  particle  motion  is  higher  than  the 
speed  associated  with  tangential  motion  and  indi¬ 
cates  an  anisotropy  in  material  properties  that  is 
not  present  in  the  original  disk.  The  difference  in 
these  wave  speeds  seems  to  be  maximum  near  the 
radius  where  the  longitudinal  wave  speed  begins 
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to  increase  and  may  be  associated  with  the  onset 
of  matrix  damage.  Since  the  stress  field  in  this 
area  is  increasingly  uniaxial,  the  damage  occurring 
in  the  laminates  no  longer  occurs  in  all  laminae 
simultaneously.  Instead,  transverse  microcracks 
will  occur  in  the  more  radially  oriented  laminae 
first.  Although  these  microcracks  would  lower 
shear  moduli  and  wave  speeds  associated  with 
tangential  particle  motion,  the  shear  waves  associ¬ 
ated  with  radial  particle  motion  may  not  be  sub¬ 


Figure  9.  (a)  ILNL  constant-thickness  S2- 

glass/epoxy  laminated  disk,  (b)  C  scan  of  LLNL 
S2-glass  disk  before  spin  test,  (c)  C  scan  of 
LLNL  S2-glass/epoxy  disk  after  spin  test  to 
30,100  rpm. 


stantially  affected  since  the  fibers  in  the  damaged 
layers  would  be  the  major  contributor  to  shear 
modulus  in  these  layers  and  these  fibers  are  not 
damaged.  This  explanation,  however,  does  not  ac¬ 
count  for  the  reduction  in  radial-particle  motion 
(shear-wave  speed)  in  the  outer  3-4  cm  of  the 
disk. 

Even  though  not  all  of  the  experimental  data 
can  be  completely  explained,  the  general  trend 
seems  to  corroborate  the  analytical  expectation  of 
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matrix  microcracks,  which  cover  a  substantial  por¬ 
tion  of  the  flywheel  disk  at  speeds  below  ultimate 
failure.  Although  this  damage  can  easily  accumu¬ 
late  without  causing  the  failure  of  the  wheel,  its 
presence  and  continued  growth  probably  contrib¬ 
ute  to  the  ultimate  failure. 

Garrett  Near-Term 
Electric- Vehicle  Flywheel 

The  Garrett  near-term  electric  vehicle  (NTEV) 
flywheel,  shown  in  Fig.  12(a),  is  similar  to  the 
Garrett  flywheel  shown  in  Fig.  4(a).  The  NTEV 
flywheel  has  nine  separate  composite  rings  and  an 
aluminum  spoke  and  hub  assembly.  A  radio- 
graphic  inspection  of  the  composite  rim  was  made 


Figure  10.  (a)  LLNL  constant-thickness 

graphite/epoxy  laminated  disk,  (b)  C  scan  of 
LLNL  graphite /epoxy  disk  before  spin  test,  (c) 
C  scan  of  LLNL  graphite /epoxy  disk  after  spin 
test  to  35,000  rpm. 


at  LLNL  after  1000  cycles  of  spin  testing  (at 
Garrett  AiResearch).  Figure  12(b)  shows  an  axial 
radiograph  of  the  rim.  The  arrow  indicates  the 
separation  between  the  S2-glass  and  the  Kevlar 
rings.  The  separation  has  apparently  increased 
with  the  number  of  cycles  because  of  the  creep  in 
the  Kevlar-29  and  Kevlar-49  rings.  A  tangential  ra¬ 
diograph  of  the  rim,  shown  in  Fig.  12(c),  indicates 
the  presence  of  a  possible  radial  crack  through  the 
rings.  The  arrows  in  Fig.  12(c)  suggest  that  the 
crack  extends  around  the  entire  flywheel. 

Although  pretest  radiographs  were  not  ob¬ 
tained  for  the  Garrett  NTEV  rotor,  it  is  possible 
that  the  damage  indicated  by  the  tangential  radio¬ 
graphs  was  caused  by  fatigue  cycling.  Further 
testing  of  this  part  should  include  radiographic  in¬ 
spection  to  monitor  the  growth  of  damage. 
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Vibrothermography  was  also  used  to  inspect 
the  Garrett  NTEV  rotor.  Figure  13  shows  a  sketch 
of  the  heat  pattern  that  developed  in  the  same 
flywheel.  The  heat  pattern  was  excited  by  press¬ 
ing  a  metal  contact  piece  machined  to  the  inside 
radius  of  the  wheel  against  that  surface  and  driv¬ 
ing  it  in  the  kHz  range  with  a  solenoid-type  oscil¬ 
lator.  As  noted  earlier,  the  layers  of  glass/epoxy 
and  Kevlar/epoxy  that  are  not  bonded  together 
are  separated  somewhat  and  formed  free  surfaces 
as  indicated  by  the  development  of  heat  sources 
near  the  spoke  areas.  Vibrothermography  is  very 
sensitive  to  internal  surfaces  that  rub  together  and 
produce  heat  when  the  excitation  frequency  is  ad¬ 
justed  to  excite  resonant  vibrations  of  the  flaw 
surfaces.  The  frequencies  that  produced  heat  pat¬ 
terns  in  this  case  were  in  the  10-12  kHz  range. 


Figure  11.  Comparison  of  through  the  thick¬ 
ness  longitudinal  and  shear-wave  speeds  in 
LLNL  S2-glass/ epoxy  disk  before  and  after 
Spin  testing. 
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Summary 


Several  examples  of  nondestructive  evalua¬ 
tion  of  flywheels  prior  to  spin  testing  and  two  ex¬ 
amples  of  post-cyclic  nondestructive  testing  have 
been  described.  The  importance  of  such  NDE  can¬ 
not  be  overstated.  As  mentioned  earlier,  a  damage 
philosophy  like  fracture  mechanics  in  homoge¬ 
neous  materials  has  not  been  developed  for  com¬ 
posite  materials.  Therefore  it  is  very  difficult  to 
answer  our  third  basic  question  that  we  posed 
earlier:  What  is  the  level  of  integrity  and  probable 
residual  properties  of  a  flywheel  that  has  been 


subjected  to  some  loading  history?  Until  this  phi¬ 
losophy  is  developed  we  must  adopt  a  basic  ap¬ 
proach.  We  must  use  NDE  techniques  to  measure 
the  integrity  of  the  flywheel  during  cyclic  testing 
(or  during  service).  We  must  identify  changes  in 
the  integrity  that  occur  as  the  loading  progresses. 
We  must  also  determine  the  residual  properties  of 
the  flywheels  when  those  changes  are  observed. 
When  that  has  been  done,  the  residual  properties 
of  any  flywheel  can  be  implied  from  NDE  mea¬ 
surements  without  additional  testing. 
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Figure  12.  (a)  Kevlar-49,  Kevlar-29,  and  S2-glass /epoxy  ring  rim  with  aluminum  hub  flywheel 
(Garrett  AiResearch  NTEV  design),  (b)  Radiograph  of  Garrett  AiResearch  NTEV  flywheel.  Arrow 
indicates  separation  between  S2-glass  and  Kevlar  rings,  (c)  Tangential  radiograph  of  Garrett 
AiResearch  NTEV  flywheel  detected  possible  radial  crack  through  Kevlar  rings.  Arrows  suggest 
crack  extends  around  entire  flywheel. 


We  have  reached  this  level  of  development  responding  scheme  for  composite  materials.  Deg- 
for  many  situations  involving  homogeneous  ma-  radation  usually  involves  a  complex  combination 
terials.  By  measuring  single  crack  lengths  and  us-  of  matrix  cracking,  debonding,  delamination,  and 

ing  one  of  several  generalizations  of  fracture  me-  fiber  fracture,  or  several  different  combinations 

chanics,  it  is  possible  to  estimate  the  remaining  through  the  useful  life  of  the  material  or  compo- 

strength  and  useful  life  of  a  given  component  nent.  It  is  therefore  not  possible  to  try  to  account 

with  accuracy  sufficient  for  many  engineering  for  every  crack  or  microdefect  individually  as  they 

applications.  It  is  not  easy  to  identify  a  cor-  occur.  Instead,  some  measurement  of  integrity 
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rim  of  Garrett  AiResearch  NTEV  rotor. 

that  is  sensitive  to  the  collective  effect  of  these 
defects  must  be  used.  It  must  also  be  possible  to 
establish  some  quantitative  relationship  between 
the  measurements  made  using  such  a  scheme  and 
the  residual  properties.  At  the  very  least,  this  rela¬ 
tionship  can  be  empirical.  For  example,  perhaps  it 
is  found  that  when  matrix  cracking,  as  resolved  by 
C  scans  or  radiographs  or  other  schemes,  has 
spread  throughout  two  thirds  of  the  rotor  volume, 
rotor  failure  is  imminent  and  the  device  should  be 
retired  from  service. 

Some  of  the  new  NDE  techniques  still  under 
development  may  be  of  even  greater  use  to  resid¬ 
ual  property-determination  efforts.  One  example 
is  the  use  of  stiffness  as  a  damage  indicator  and 
quantitative  measure  of  degradation.  It  has  been 
found  that  changes  in  stiffness  accompany  dam¬ 
age  development  in  composite  materials,  as  dis¬ 
cussed  earlier.  If  these  changes  can  be  related  to 
residual  flywheel  strength  and  useful  life,  an  ex¬ 


cellent  NDE  scheme  results.  Measuring  the  stiff¬ 
ness  of  a  flywheel  is  not  a  simple  task  because  of 
the  circular  geometry  and  the  difficulty  one  has  in 
loading  the  wheel.  Several  possibilities  exist,  how¬ 
ever.  Stiffness  changes  could  be  detected  by  mea¬ 
suring  strain  during  spin  testing.  Such  tests  would 
require  that  strain  gages  be  mounted  on  the  wheel 
with  slip-ring  connections  to  the  instrumentation, 
or  that  one  of  several  optical-strain  measurement 
schemes  be  used.  Such  measurements  should  be 
made  at  several  positions  on  the  flywheel  to  de¬ 
tect  damage  in  different  regions.  Measuring  strain 
during  spin  testing  is  especially  appealing  in  the 
sense  that  the  stress  field  that  determines  the  re¬ 
sidual  strength  and  useful  life  of  the  flywheel  pro¬ 
vides  the  deformation  field  that  is  measured. 
Hence,  changes  in  the  deformation  field  should  be 
more  directly  related  to  changes  in  the  residual 
properties  than  any  other  imposed  stress  or  strain 
held.  However,  other  methods  are  available.  The 
characteristic  resonant  frequencies  of  the  flywheel 
are  very  sensitive  to  material  stiffness.  It  may  be 
possible  to  correlate  those  shifts  with  changes  in 
residual  strength  or  residual  life. 

The  availability  of  NDT  equipment  and  other 
constraints  may  limit  the  use  of  NDE  during  the 
testing  of  composite  flywheels.  However,  nonde¬ 
structive  evaluation  is  the  only  way  to  learn  some¬ 
thing  about  the  process  of  damage  developments 
that  define  the  residual  properties  of  composite 
flywheels.  Only  by  understanding  (or  at  least 
representing)  those  processes  can  we  correctly 
anticipate  the  performance  and  safety  of  the  struc¬ 
ture.  Without  this  capability,  we  must  pay  the 
(very  great)  price  of  extensive  testing  over  all  pos¬ 
sible  conditions  and  time  periods  of  loading  to  en¬ 
sure  the  satisfactory  performance  and  safety  of 
composite  flywheels. 
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